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ABSTRACT
Aluminum alloy 6061-T6 is a common engineering material used in aerospace,
automotive, structural applications. Despite its wide use, little has been published about
the effects of damage from surface corrosion on its fatigue life. An investigation was
performed where 6061-T6 extrusions were exposed to a 3.5% NaCl solution at pH 2 for 2
days and 24 days. The length of time and pH were chosen in order to create distinct
surface flaws. The effect of these flaws on the fatigue life was then investigated and
analyzed using scanning electron microscopy (SEM) and Weibull statistics. It was
determined that samples corroded for both 2-days and 24-days exhibit fatigue lives that
can be described using a 3-parameter Weibull distribution. The result of which was the
determination of a threshold value for fatigue as well a general understanding of flaw
geometry.
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Chapter 1: Introduction
Repair and remediation of corrosion in the United States costs roughly $276 billion a
year; that is nearly 3% of the nations GDP and that cost is constantly increasing [1].
Additionally, failure due to fatigue accounts for nearly 90% of all mechanical failure [2].
Combined, corrosion and fatigue are a costly design problem for engineers, particularly
in the aerospace, automotive, and gas/oil industries. A thorough understanding of both
corrosion and fatigue allow engineers to make better decisions with regards to material
selection for applications where environmental factors and cyclical loading are
unfavorable.

Much of the literature regarding the application of aluminum alloys focuses on corrosion
fatigue, and experiments are typically performed using high strength aluminum alloy
used in aerospace applications, such as the 2xxx and 7xxx series alloys. Corrosion
fatigue should be distinguished from simple mechanical fatigue because of the difference
in crack propagation mechanisms. In corrosion fatigue, the part remains immersed in the
corrosive environment thus providing the continued presence of a corrosive species in the
fatigue crack tip. Faster crack growth occurs because corrosion mechanisms at the crack
tip create material removal and embrittlement phenomena not present in simple
mechanical fatigue. This results in accelerated fatigue crack propagation. Many
industrial applications of aluminum will experience both corrosion and fatigue
simultaneously, thus the understanding of corrosion fatigue is of great importance. Little

has been published on the effects of corrosion damage on the simple mechanical fatigue
life of aluminum, after removal from the corrosive environment.

While understanding the mechanical behavior of high strength aluminum alloys is
important, other industrially used aluminum alloys exist as well, such as the widely used
6xxx series aluminum alloys. Typical uses of the 6xxx series aluminum alloys are found
in automotive, aerospace, marine and structural applications [3]. In many instances of
these applications, surfaces are subjected to temporary or one time exposures to corrosive
environments, which would result in surface damage, thereby affecting fatigue life.

Less literature is available regarding the corrosion and/or fatigue behavior of the 6xxx
series aluminum alloys. Additionally, little has been published on the effect of surface
corrosion damage on the fatigue life of aluminum alloy 6061-T6. Through the use of
Wöhler (S-N) curves, electron microscopy and Weibull statistics, this thesis will present
an investigation of the phenomenological effect of surface corrosion damage on the
fatigue behavior of aluminum alloy 6061-T6 extrusions.
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Chapter 2: Literature review
2.1 Aluminum alloy 6061-T6
When compared to steel, aluminum is lighter and can be used in many of the same
applications. Additionally, aluminum (in its solid form) is nontoxic, has good workability
and high strength to weight ratio as an alloy. In 1921, Robert Archer and Zay Jeffries
created a new aluminum alloy (AA) [4]. They determined that if aluminum (Al),
magnesium (Mg) and silicon (Si) were mixed together, an AA with mechanical properties
not available in other metal alloys could be produced. It was not until 1935 that
applications for medium strength, heat treatable, metal that could also be anodized or
welded were being created [5].

Through modification of the AA that Archer and Jeffries had created, came an improved
aluminum alloy, AA 6061. With this new AA, building construction, railroad passenger
cars, radio telescope structure, airframes, bridge rails, electrical towers, highway signs,
mining equipment and trailers could be produced that previously would have been made
from other materials [3].
2.1.2 Chemistry and chemical composition of AA 6061-T6
6xxx aluminum alloys contain up to 8 alloying elements with the main components being
aluminum, silicon and magnesium (Table 1) [4, 6].
Table 1. Chemical composition of AA 6061[7]

alloy

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Others

min max min max min max min max min max min max min max min max each)max total)max
6061 0.40 0.80 33 0.70 0.15 0.40 33 0.15 0.80 1.20 0.04 0.35 33 0.25 33 0.15 0.05 0.15
3

Due to the number of potential phases formed by the alloying elements, the
microstructure of 6xxx series aluminum alloys can be very complex. A variety of
standard treatments to this alloy also add complexity by varying the microstructure. The
“T6” designation of the aluminum alloy means that the alloy has been solution treated
and artificially aged to peak strength, the specifics of which will be presented later. This
process imparts a variety of different precipitates within the aluminum. Such precipitates
include but are not limited to β, β’ and Q-phase (non-strengthing). It has been suggested
in the literature that these precipitates, when adjacent to the free surface, can affect the
corrosion process occurring on the surface of the aluminum.

This formulation makes use of the limited solubility of Mg and Si in aluminum to from
the precipitate Mg2Si. Additionally, the chromium (Cr) and manganese (Mn) help
stabilize the iron intermetallic (Fe, Mn, Cr)3SiAl12, while copper (Cu) is known to create
the intermetallic Q-phase [8, 9].

2.1.3 Microstructure and Heat Treatment
Microstructure is a broad term that covers many features within a material. These
features include grain and particle sizes, dislocation densities and particle volume
fractions [10]. All of these microstructural features can be affected by the heat treatments
that are applied to the metal (Table 2).

The “T” in the heat treatment designation indicates that the metal has first been solution
heat-treated [7]. Solution heat-treating is the process by which the alloy is heated to a
4

specified temperature above the solvus, followed by quenching. The alloy’s
microstructure is homogenized during the heating process. Through quenching, Mg and
Si (as well as other elements) remain in solution, in the aluminum matrix. Precipitates are
formed in the subsequent aging process. The aging process takes place at specific time
and temperature conditions.

Table 2: Aluminum alloy heat treatment designations and corresponding processes [7]
Heat	
  
Process	
  
Treatment	
  
T1	
  

Cooled	
  from	
  an	
  elevated-‐temperature	
  shaping	
  process	
  and	
  naturally	
  
aged	
  to	
  a	
  substantially	
  stable	
  condition	
  

T2	
  

Cooled	
  from	
  an	
  elevated-‐temperature	
  shaping	
  process,	
  cold	
  
worked,	
  and	
  naturally	
  aged	
  to	
  a	
  substantially	
  stable	
  condition	
  

T3	
  

Solution	
  heat	
  treated,	
  cold	
  worked,	
  and	
  naturally	
  aged	
  to	
  a	
  
substantially	
  stable	
  condition	
  

T4	
  

Solution	
  heat	
  treated	
  and	
  naturally	
  aged	
  to	
  a	
  substantially	
  stable	
  
condition	
  

T5	
  

Cooled	
  from	
  an	
  elevated-‐temperature	
  shaping	
  process	
  and	
  
artificially	
  aged	
  

T6	
  

Solution	
  heat	
  treated	
  and	
  artificially	
  aged	
  

T7	
  

Solution	
  heat	
  treated	
  and	
  overaged	
  or	
  stabilized	
  

T8	
  

Solution	
  heat	
  treated,	
  cold	
  worked,	
  and	
  artificially	
  aged	
  

T9	
  

Solution	
  heat	
  treated,	
  artificially	
  aged,	
  and	
  cold	
  worked	
  

T10	
  

Cooled	
  from	
  and	
  elevated-‐temperature	
  shaping	
  process,	
  cold	
  
worked,	
  and	
  artificially	
  aged	
  

5

A T6 heat treatment that is applied to the AA 6061 produces a very fine microstructure of
very small precipitates. An example of the fine microstructure can be seen in the needle
like precipitates shown in Figure 1 as identified by Edwards et al [11]. These needle like
precipitates are called β” precipitates and are coherent monoclinic Mg-Si clusters [12]; a
sequence of possible precipitates and their order of precipitation is shown (Figure 2).

Graphic redacted, paper copy available upon
request to home institution

Figure 1. TEM micrograph on the [001] zone axis of AA 6061-T6 [13]

Figure 2. Precipitation sequence in AA 6061. In step 7, B’ is also referred to in the
literature as Q-phase [11]
6

2.1.4 Mechanical properties of AA 6061-T6
The chemical composition, the microstructure and heat treatment, as well as its many
mechanical and microstructural properties make AA 6061-T6 a primary engineering
material. Aluminum has an FCC crystal structure with 12 different slip systems. These
slip systems occur along the close packed plane, specifically in the plane of type {111}
and in the <110>-type direction. This provides great ductility and toughness. With a
tensile strength of 310 MPa, a yield strength of 276 MPa, fatigue strength of 97 MPa at 5
x 108 fully reversed cycles and an elongation of 17% [7], AA 6061-T6 is an alloy of
choice for many engineering applications.

2.2 Fatigue
Since the 1800’s it has been recognized that a metal subjected to repetitive or fluctuating
stress will fail at a stress much lower than that required to cause failure upon application
of a single load [2]. There typically is not any visible indication that a part is being
fatigued, making it difficult to detect and predict eminent failure. Because of this,
nondestructive tests, i.e. dye penetrant test, exist to examine structures for flaws and
cracks. However, these tests vary in their sensitive and can be costly in large applications
[14]. Therefore, understanding how and why materials fatigue, the mechanisms of fatigue
crack initiation and propagation, and the predictability of fatigue, is paramount in being
able to establish an expected life at a given stress. Once understood, designers can use
fatigue life data as a design parameter, like strength or hardness.

7

2.2.1 The S-N Curve
A common method for graphically representing fatigue data is through the Wöhler stresslife curve, also known as the S-N curve (Figure 3). The S-N curve is a plot of stress (S)
against the number of cycles to failure (N).

Figure 3. Typical S-N curve for general aluminum and steel alloy. Recreated from [2]

Typically, the nominal applied stress is plotted. This means that the stress is plotted
without any consideration of local stress concentrations. In the laboratory, S-N curve
data is obtained using axial tension or rotational bending fatigue testers. An axial tension
instrument works by applying and releasing a tension load on a test sample as well as
recording the number of cycles to failure. A rotational bending instrument works by
applying a load to a rotating specimen. Thereby applying tension and compression
cyclically to a single point until failure occurs (Figure 4).

8

applied''
load'

2Compression' Tension'+'

Stress'

occurring'at''
fa8gue'suscep8ble'zone'

σa'
σr'
cycles'

Figure 4. Rotational bending fatigue sample geometry (above) with fully reversed applied
load. σa is the alternating stress and σr is the stress range (below)

Fatigue data are collected from multiple stress states with the first specimen(s) being
tested at a high stress, e.g. at about ninety percent of the yield strength, ensuring failure
will occur in a fairly short number of cycles. The test stress is successively decreased
until one or two specimens do not fail in the specific number of cycles, approximately 107
cycles [2]. Although 8-12 specimens can be used to generate a S-N curve, the use of
more specimens at each stress level will serve to reduce the error in the curve [2]. Once
the data is collected, it is fit using the Basquin equation (eq. 2.1) [15].

9

𝑁𝜎!! = 𝐶

(2.1)

N = number of cycles

σa = S = the stress amplitude
C = empirical constant
k = Basquin exponent
The application of the Basquin equation to fatigue data allows for the creation of the S-N
curve (Figure 5). The Basquin exponent has been shown to be strongly affected by the
material as well as the test specimens’ geometry [16, 17]. Figure 5 shows the S-N curve
for forged and ablation-cast 6061-T6. Tiryakioğlu et al, [18] concluded that the Basquin
exponent k for forged and ablation-cast aluminum were within 15% of one another. Thus
indicating a similarity between the two materials. This is significant because inclusions or
flaws may be present depending on the casting method used.

Graphic redacted, paper copy available upon request to
home institution

Figure 5. Wöhler (S-N) curves for ablation-cast and forged 6061-T6 [18]
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2.2.2 Regions of Fatigue Life
Fatigue has been shown to take place in three distinct regions. Region I is defined by
fatigue crack initiation and is governed by the crack threshold stress intensity factor,
ΔKth. Region II is defined by fatigue crack propagation and is governed by the ParisErdogan rate law. Region III is defined by fatigue crack fracture and is governed by the
crack stress intensity factor, ΔKc. Figure 6 is a shows a log-log schematic of fatigue
crack growth per cycle (da/dN) with respect to the stress concentration factor ΔK. Each
region is described in greater detail in the follow sections.

Figure 6. Log-Log plot of fatigue crack initiation behavior in metals. Recreated from [19]

2.2.2.1 Fatigue Crack Initiation: Region I
Often, fatigue failures start at the surface of a material [2, 19-22]. This is because the
stress (due to torsion or bending) is at a maximum along the surface. In the case of
fatigue, intergranular cracks, inclusions, or surface defects are sources of flaws. If a
11

surface flaw is present in an area of maximum stress, the result will be a reduction in
fatigue life.

In order for a fatigue crack to initiate, a “threshold” criteria that is dependent upon
microstructure needs to be met. This threshold can be defined as the mechanism for a
critical fatigue flaw to be formed out of microstructural features like, planes, grain
boundaries or cleavage facets. Upon satisfaction of the “threshold” criteria, a crack may
begin to initiate and grow with each cycle. In the fatigue crack lifecycle, the initiation
region is referred to as region I (Figure 7). The fracture surface that is observed as a result
of region I often has a flat, faceted appearance, resembling that of cleavage [19]; one
such mechanism is grain boundary cracking. Grain boundary cracking is the result of
embrittlement at the grain boundary due to dislocation pile-up. The grain boundary crack
will continue to propagate along the boundary until it reaches a barrier such as a
perpendicularly oriented grain boundary [23-27]. The exposed grain surface can serve as
a fatigue initiation flaw.

Figure 7. Log-Log plot of fatigue crack initiation behavior in metals with region I being
shaded in green. Recreated from [19]
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As the crack continues to grow, so will the stress that it imparts to the system. If the stress
in a material due to a flaw is to be numerically described, then a combination of Linear
Elastic Fracture Mechanics (LEFM) and Elastic Plastic Fracture Mechanics (EPFM) may
be used. Much of LEFM is concerned with brittle materials, while EPFM is concerned
with materials where ductile deformation dictates fracture behavior. Fracture mechanics
is applicable provided a crack can initiate and grow from a flaw of depth a. LEFM is
generally regarded as the preferred method for describing fatigue crack initiation
mechanisms [28]. Irwin [29] and Orowan [30] determined that the stress at failure for
materials that do not explicitly behave as a brittle material, and are capable of plastic flow
can be described by:
𝜎! =   

!!(!! !  !! )
!"

(2.2)

σf = failure stress
E = Young’s modulus

ϒs = total energy of broken bonds in unit area
ϒp = plastic work per unit area of surface created (ϒp > ϒs)
a = crack length

However, equation 2.2 is typically used for single load and single flaw applications. In
order to describe the effect of a load on the stress state at the crack tip requires the stress
intensity factor, K. The stress intensity factor is defined as:
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𝐾 =   𝛽𝜎 𝜋𝑎

(2.3)

σ = applied stress
a = crack length
β = geometry factor of flaw

If the applied stress and geometry of the flaw are held constant, then the effect of the
stress will be greatest at the crack tip and will dissipate as distance increases away from
the flaw (Figure 8). If the applied stress is not constant, then K is represented as ΔK due
to the change in stress.

Figure 8. Schematic representation of stresses near the crack tip in an elastic material, per
the LEFM model [19]
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2.2.2.2 Fatigue Crack Propagation: Region II
In the 1960s Paris and Erdogan [31, 32] demonstrated that fatigue crack growth (Figure
9) is governed by a power law relationship that later became known as the Paris- Erdogan
law:

!"
!"
!"
!"

!
= 𝐶∆𝐾!""

(2.4)

= the crack growth per cycle

C and m = material constants
ΔKeff = Kmax - Kmin (stress intensity range or crack tip driving force)

Figure 9. Log-Log plot of fatigue crack propagation behavior in metals with region II
shaded in yellow. Recreated from [19]
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It was suggested by Paris and Erdogan that the exponent m would have a value of 4 [32].
However, subsequent studies have shown that m is between 2 and 4 [19] and It has been
shown by Weertman [26, 27] that the exponent m, is strongly affected by mechanisms
including shear sliding and dislocation shielding.

If fatigue crack initiation and propagation (region I and II) are to be described within one
equation, then the Klesnil and Lukas modified crack growth law is used [33]:
!"
!"

!
= 𝐶 Δ𝐾 ! −   Δ𝐾!!

(2.5)

This modified law takes into account a crack threshold driving force (ΔKth) in order to
describe the first two regions of the curve. If ΔKth equals zero, then description of the
fatigue crack curve will take place via the Paris-Erdogan Law. Moreover, much research
had been conducted to try and describe the entire curve however; all formulas are
derivations of the Paris-Erdogan Law [21, 27, 33-37]. Unlike region I, region II is not
microstructurally dependent. Two aluminum alloys with different mechanical properties
have been shown to exhibit similar fatigue crack growth characteristics. [36, 38].

The visual evidence of crack growth in a material is often indicated by the formation of
striations. Striations are seen as small ridges perpendicular to the direction of crack
growth. These striations propagate through the material as the crack continues to grow
(Figure 10).
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Figure 10. Striations obtained experimentally from fatigue in Aluminum Alloy 6061-T6

It is important to note that fatigue striation creation remains the subject of much debate.
Lankford and Davidson [39] observed that depending on the ΔK value, several
applications of cyclic load may be required to produce a fatigue striation.

Figure 11 shows one of the proposed mechanisms of fatigue striation creation as reported
by Laird [40]. The first step (a to b) is achieved as the load is increased. The crack tips
blunts (b to c) and incremental growth occurs. Local slip is constrained to ±45o from the
crack plane and reverses direction as the load is decreased. The decrease in load causes
the crack to fold in on itself (c to d). The process repeats itself as the cyclic load is
continually applied (e).
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Graphic redacted, paper copy available upon
request to home institution

Figure 11. Illustration of the states of crack blunting mechanism for striation formation
during fatigue crack growth [40]

2.2.2.3 Fatigue Fracture: Region III
Region III of the crack growth curve is characterized by an increase in the rate of crack
growth per cycle partly because as the crack grows larger, the stress concentration at the
crack tip becomes large (Figure 12). This region is characterized by the stress
concentration ΔKc, which is the fracture toughness of a material. This value is the related
to the amount of stress necessary for final fracture to occur. There is not a large amount
of research available regarding region III. This is because, once a fatigue crack has
reached a critical size, it is of less relevance due to eminent fracture.
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Figure 12. Log-Log plot of fatigue fracture behavior in metals with region III shaded in
red. Recreated from [19]

2.2.3 Fatigue and Statistical Analysis
In the mid part of the 20th century, Wallodi Weibull [41-43] came up with an empirical
probability distribution that could be used in failure analysis. Weibull, using the “weakest
link” theory developed by Pierce [44], was able to show that:
𝑃 = 1 − 𝑒𝑥𝑝 −

!!!! !
!!

(2.6)

P = the probability of failure at a given stress (strain,
fatigue life, etc.) or lower
x = the given perimeter of interest (strain, fatigue life, etc.)
xt = threshold value below which no failure is expected
x0 = scale parameter
m = shape parameter (Weibull modulus)
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The “weakest link” theory is significant because it makes the assumption that failure will
occur at the location where the conditions are the most damaging, i.e. a surface defect,
inclusion, etc. that lead to highest local stress

Weibull demonstrated that this probability distribution is effective in predicting material
failure due to the aforementioned damaging conditions [18, 41-43, 45, 46]. When the
Weibull distribution is linearized to the following equation;
𝐿𝑛(− ln 1 − 𝑃 ) =   𝑚 ln 𝑥 − 𝑥! − 𝑚  ln  (𝑥! ),

(2.7)

and plotted, the shape parameter (Weibull modulus) becomes the slope. The curve of
best fit can be obtained using the maximum likelihood method. The probability of each
point (P) can be assigned using the plotting position formula suggested by Tiryakioğlu et
al. [18]:
𝑃 =   

!!!.!
!

(2.8)

i = the rank in ascending order
n = sample size
For a three-parameter Weibull distribution, the presence of a threshold value indicates a
point where there is no probability of failure below that stress [18]. Any point beyond
the threshold value immediately has a probability of failure. As the measured stress
advances past the threshold stress value, the cumulative probability of failure at a given
stress becomes greater [41, 42].

Figure 13 shows both two and three-parameter Weibull distributions. For the positive
threshold three-parameter distribution, the slope is initially steep (high probability) and
20

eventually levels out (lower probability). For the two-parameter distribution (no
threshold value) the slope is constant indicating that failure is equally probable along the
curve. The negative threshold three-parameter distribution indicates that other defects are
occurring, requiring further statistical treatment.

Graphic redacted, paper copy available upon request to
home institution

Figure 13. The probability plot for three Weibull distributions showing the effect of the
threshold value [45]

The Weibull data can also be used to infer flaw geometry distributions [45]. Recall that
one of the variables that govern crack propagation is the stress intensity factor, K. In
order for the probability of failure to be zero below a certain stress, K needs to be
sufficiently small. In order for K to be small, the flaw geometry (β) must be less severe.
Therefore, if the threshold value were zero, then flaw geometry would be severe enough
to cause failure at any stress. As the threshold value increases, the severity of the flaw
geometry decreases (Figure 14).
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Figure 14. Schematic illustration of the effect of two different defect size distributions on
the number of fatigue lives to fracture (Log(Nf)) with threshold stress values Log((Nt)).
The equation of the line is a rearranged Paris-Erdogan equation [47]

2.3 Corrosion
Corrosion has many forms including uniform, galvanic, crevice and pitting, with each of
these forms occurring in aqueous conditions. Corrosion often occurs in aqueous
environments because water server as the carrier for ions [48]. While the chemistry of
corrosion can be quite complex, understanding the process of corrosion allows for
engineers to make better-informed decisions when designing for corrosive environments.
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2.3.1 Aqueous Chloride Corrosion of Aluminum
A pure sample of solid aluminum will readily oxidize on its surface and form a passive
aluminum oxide (Al2O3) layer. This passive layer serves to protect the remaining
aluminum from most environmental hazards. However, the passive layer is not
impervious to the chloride ion, which is a potent corroding species to aluminum [49-51].

Boag et al. [51] stated that pitting caused by chloride attack is one of the most serious
forms of corrosion for aluminum alloys. This type of corrosion has been shown to lead
to other types of corrosion, as well as structural degradation of aluminum members.
Much research has gone into understanding the exact mechanism of corrosion pitting in
aluminum [49-54]. It has been shown in very high purity aluminum that the pitting
mechanism is controlled by 1) penetration of the oxide layer by chloride ions, 2) thinning
of the oxide layer by chloride ions or 3) through easy diffusion paths [51].

Another contributor to chloride ion attack in aluminum alloys is due to intermetallic
particles (such as Al2Cu and FeAl3). It has been shown that corrosion preferentially starts
at these particles located along the surface and at grain boundaries [51, 55-71].

Figure 15 shows a schematic of general surface corrosion in aluminum. In Figure 15a
aluminum is slowly removed from the passive layer by water. A metal salt island is
formed through interaction of the chloride ion with the passive layer (Figure 15b). The
increased water solubility of the metal salt island provides greater access for chloride ion
attack on the aluminum matrix leading to pitting (local) corrosion (Figure 15c). As
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corrosion continues, general surface (global) corrosion will occur leading to uniform
surface removal and relatively shallower pits.

(a)

(b)

(c)

Figure 15. Proposed mechanism occurring during corrosion in aluminum, modified from
[48] a) slow dissociation of aluminum ions into solution b) formation of salt island on
passive layer c) pit formation and corrosion

There are several published studies on the corrosion behavior of wrought AA 6061-T6
for particular corrosion scenarios [50, 70, 72]. There are number of independent variables
that affect the corrosion behavior, including, but not limited to the disposition of phases
in the microstructure and the composition of the precipitates, which have all been shown
to affect the corrosion kinetics and morphology of AA 6061-T6 [57, 70, 72, 73]. Because
of the number of phases, constituents and their possible combinations in the various heat
treatments, as well as the complicated nature of their cooperative effects, there is little
published on the general nature of corrosion of AA 6061 in any of its numerous heat
treatment conditions.
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2.3.2 Environmental Effects on Corrosion Pitting
It has been reported that corrosion pit depth increases with time (in the absence of general
corrosion) according to a power law and that longer exposure to a corrosive environment
will ensure deeper pits [49, 74, 75]:
𝑑 = 𝐾𝑡 !

(2.9)

d = pit depth
K and b = empirical constants
t = time
K and b are results of many factors such as charge transfer, mass transport or ohmic
effects, and inevitably change with environment and alloy of interest [53, 67]. In a series
of papers by Harlow and Wei, a probabilistic approach was taken to determine or predict
the rate of pit growth, thereby determining K and b for 2xxx and 7xxx series AA’s [57,
59, 67, 76]. They provided a series of conditional cumulative distribution functions that
showed the probability of pit size formation given the number of intermetallic particles
per particle cluster. They concluded that pitting (at constant temperature, pH and for a
specific length of time) generally occurs around clusters of intermetallic particles and that
the number of particles per cluster had a direct effect on the rate of pitting.

In 2010, Cavanaugh, performed an applied neural network analysis (ANN) to determine
the effect of the aqueous environment on the values of K and b at a variety of different
temperatures and pH for 7xxx series AA [77]. In both cases, it was shown that pH and
temperature have a significant impact on the rates of corrosion while chloride ion
concentration has less of an effect. Cavanaugh [77] was able to create contour maps
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representing the rates of corrosion pitting based on temperature and pH (Figure 16 and
Figure 17). Cavanaugh established that the time exponent b and the constant K were
environmentally dependent. The largest difference in pitting behavior was observed when
cold, acidic conditions were compared to hot, alkaline conditions. It was also observed
that in alkaline conditions the time exponent was very small compared to acidic
conditions. This is because at an alkaline pH, general corrosion dominates, leading to
shallower pits with wider diameters (Figure 18).

Graphic redacted, paper copy available upon
request to home institution

Figure 16. Effects of temperature and pH on max pit growth kinetics [77]
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Graphic redacted, paper copy available
upon request to home institution

Figure 17. Effects of temperature and pH on median pit growth kinetics [77]

Graphic redacted, paper copy available upon request
to home institution

Figure 18: Demonstration of how uniform corrosion will affect the measured pit depth
and diameter versus the values in the absence of any uniform corrosion [77]
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2.3.3 Corrosion Pit Geometry
Determination of corrosion pit depth and diameter is possible through techniques such as
laser profilometry. However, determining the different shapes of the pits beneath the
surface is difficult. One of the best method for this analysis is the creation of epoxy
replicas of the pits demonstrated by Liao [78]. Figure 19 shows the different kind of pits
that may form because of corrosion.

It remains to be determined what causes different pit geometries to form beneath the
surface. As suggested in the literature, many different factors affect corrosion pit
initiation, growth and morphology [49-53, 56-59, 66, 67, 77-80]. Some factors include
but are not limited to constituent particle size and distribution, applied heat treatment of
the aluminum, pH and temperature of environment.

Figure 19. Variations of cross sectional shape of pits formed during corrosion. Recreated
from [81]
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As previously discussed, stress risers such as a surface corrosion flaw will increase the
local stress by a factor of K, the stress intensity factor, thus providing a potential site for
fatigue or fracture initiation. If the surface corrosion flaws have varying structure (Figure
19), then K will vary as the flaws do, leading to varied mechanisms for fatigue initiation.
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Chapter 3: Experimentation
The purpose of these experiments was to determine the effect of surface corrosion flaws
on the fatigue life of AA 6061-T6. Two distinct surface conditions were imposed by
exposure of the samples to room temperature, acidic, chloride corrosion and two different
time intervals. The purpose of the room temperature and acid conditions was to ensure
discrete pit formation, as described from the literature review. Following corrosion, the
samples were cleaned and subjected to fatigue tests. The number of cycles to failure was
recorded. Following fatigue, certain samples were analyzed by fractographic methods.
The fatigue life data were then analyzed to determine the probability of fatigue failure as
well as a defect size distribution through Weibull analysis.

3.1 Sample Preparation
Fatigue and tensile specimens were prepared from extusions by Tifton aluminum; Figure
20 and Figure 21 respectively (following page). The AA 6061-T6 samples had a chemical
composition provided by Tifton shown in Table 2.

Table 2. Chemical composition of AA 6061 provided by Tifton

alloy

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Others

min max min max min max min max min max min max min max min max each)max total)max
6061 0.40 0.80 33 0.70 0.15 0.40 33 0.15 0.80 1.20 0.04 0.35 33 0.25 33 0.15 0.05 0.15

The samples were received as specified to be “polished”; however, significant machine
grooves existed (Figure 22). It was observed that the machining grooves were on the
same order of magnitude as the proposed corrosion defects. In order to eliminate machine
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grooves that would interfere with the study, the samples were polished with 200, 400,
800, and 1200 grit silicon carbide (SiC) paper. Followed by, 1 μm, 0.3 μm, 0.05 μm
alumina (Al2O3) suspensions. The final step of polishing required 0.04 μm colloidal
silica to achieve the final surface. Once polishing was completed, the samples were
cleaned using methanol in an ultrasonic bath. Cleaned samples were examined in a
Scanning Electron Microscope (SEM) to obtain an “as-reviewed” image before corrosion
(Figure 23).

Figure 20. Fatigue specimen geometry. All dimensions are in mm

Figure 21. Tensile specimen geometry. All dimensions are in mm
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Figure 22. SEM micrograph of unpolished AA 6061-T6 fatigue specimen surface. Note:
Machine marks are observed as the vertical features in the image

Figure 23. SEM micrograph of polished AA 6061-T6 fatigue specimen surface,
indicating removal of machine marks
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Before samples could be subjected to fatigue testing, the yield strength of the AA 6061T6 extrusion had to be determined. In addition, stress values were chosen relative to the
yield strength. Three tensile specimens were used to determine the yield strength.
Tensile tests were conducted on an Instron 3369 and accompanying extensometer (Figure
24, Table 3). An average yield strength of 255 MPa was measured and used for fatigue
analysis. The nominal stress levels used in fatigue testing and the number of AA 6061-T6
extrusions used at each stress level are shown in Table 4.

Table 3: The experimentally determined yield strength and ultimate tensile strength for
extruded AA 6061-T6.

Tensile'Specimen'
1
Tensile'Specimen'
2
Tensile'Specimen'
3
Average

Yield'
Strength'
(MPa)

Ultimate'
Tensile'
Strength'

257.3

278.2

256.1

273.5

253.6

273.8

255.7

275.2

Table 4. The nominal stress levels to be used in fatigue testing and the numbers of AA
6061-T6 specimens tested at each level. Based on experimentally determined yield
strength of 255 MPa
σ max%(MPa)

230

191

153

128

115

102

σ max/%σy

0.90

0.75

0.60

0.50

0.45

0.40

5

5

5

5

4

1

5

5

5

5

4

1

number%of%
samples%for%
2%days
number%of%
samples%for%
24%days
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Figure 24. Instron tensile tester used in this study

3.2 Microstructure
Back scattered electron (BSE) images of both the longitudinal and transverse direction
were taken. Grain size is approximately uniform throughout with roughly equiaxed
grains seen in the transverse plane, and elongated grains in the longitudinal plane, typical
of wrought material (Figure 25 and 26). White spots are β (Mg2Si) precipitates.
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Figure 25. BSE image of transverse plane in AA 6061-T6. White spots are β (Mg2Si)
precipitates. Contrast in grey regions is due to electron channeling from grain orientation

Figure 26. BSE image of longitudinal direction in AA 6061-T6. White spots are β
(Mg2Si) precipitates. Contrast in grey regions is due to electron channeling from grain
orientation
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3.3 Preliminary Corrosion Experiment
A small-scale corrosion test was performed to verify assumptions about resulting pit sizes
and to obtain preliminary data to better design experiments. Five 300 mL 3.5% NaCl
solutions were prepared using 99.5% purity NaCl from Fisher Scientific. Two solutions
were prepared at pH 2, two at pH 4 and one at neutral pH (Table 5). The pH of the
solutions was adjusted using 6 M hydrochloric acid (HCl). The HCl was diluted from
stock HCl from Fisher Scientific.

Specimens were corroded for two different durations. Two fatigue specimens were
allowed to corrode for 12 hours at pH 2 and pH 4, while the other two fatigue specimens
were allowed to corrode for 24 hours at pH 2 and pH 4. The pH neutral specimen was
corroded for 3 days. The samples were cleaned in a bath of 5% HNO3 for 10 s, followed
by a water rinse and sonication in ethanol to remove the corrosion products from the
surfaces. A Fatigue Dynamics RBF-200 rotational fatigue tester was used to fatigue the
specimens (Figure 27). The samples were then analyzed through the use of a JEOL 6400
Scanning Electron Microscope for verification that pitting and fatigue due to surface
flaws had occurred (Figure 28 and Figure 29).

Figure 27: Rotating beam fatigue tester used in this study
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Table 5. Preliminary corrosion bath formulations
Solution
1

2

3

4

5

pH

2

2

4

4

neutral

Time of
corrosion
(hrs)

12

24

12

24

72

Amount of
NaCl (g)

10.39

10.39

10.5

10.5

10.5

0.106

0.106

0.001

0.001

N/A

10.5

10.5

10.5

10.5

10.5

3.5

3.5

3.5

3.5

3.5

Chloride
from acid
(g)
Total
amount (g)
Percent
weight Cl (%)

Figure 28. SEM micrograph of preliminary corrosion test of AA 6061-T6, pH 2, 24 hrs
indicating localized pitting as suggested by Cavanaugh [77] for low pH.
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Figure 29. Fatigue of corroded AA 6061-T6 specimen, pH 2, 24 hrs. The sample was
tested at nominal stress of 230 MPa for Nf = 21200 cycles. Used to verify surface
initiation in preliminary tests

3.4 Corrosion Procedure
Two 2.5 gal solutions of pH 2, 3.5% NaCl (99.5% purity, Fisher Scientific) were made.
An 11x11 grid of plastic was used to keep the samples upright and fatigue regions of the
samples exposed (Figure 30). The solution was brought down to pH 2 through the use of
6 M HCl. The 6 M HCl was diluted from stock HCl (Fisher Scientific). 25 fatigue
samples were corroded for 2 days, while another 25 were corroded for 24 days. Corrosion
took place in a closed container, at room temperature in a non-circulating bath. Upon
removal from solution, corrosion was stopped by placing the samples in a 5% HNO3 bath
for 10 seconds followed by a rinse in water and then samples were cleaned ultrasonically
in ethanol.
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Figure 30. Sample support apparatus with AA 6061-T6 fatigue samples. Samples are
spaced apart with fatigue region fully exposed to corrosion bath.

3.5 Fatigue Testing of Aluminum alloy 6061-T6 extrusions
A Fatigue Dynamics RBF-200 rotational fatigue tester was used to fatigue the specimens
at 7000 rpm. The following formula was used to determine where the weight should be
set in order to apply the desired load.
!"

𝑀 =    !" 𝐷!

(3.1)

M = applied moment (lb*in)
σ = applied stress level (psi)
D = diameter of fatigue specimen (in)
Five fully reversed stress states were chosen to ensure for a better data fitting for the S-N
curve (Table 4). As each sample fatigued the number of cycles to failure was recorded
and the fracture surfaces were protected for fractographic analysis. An additional set of 4
polished fatigue specimens were fatigued to verify that surface corrosion was causing a
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reduction in fatigue life (Table 6). After the samples had been fatigued to failure, a JEOL
6400 SEM was used to document the fracture surfaces of the fatigued specimens, and
identify regions of interest.

Table 6: Table documenting specimen number, corrosion and fatigue parameters for
polished, un-corroded specimens
Specimen(#
1
2
3
4

Number(of( Applied(Strss(
Days(Corroded
(MPa)
0
0
0
0

%(Yield(Strengh(

Moment((Nm)

90
90
50
50

5.37
5.43
3.02
3.02

230
230
128
128

40

#(cycles(to(
fatigue
33,300
49,500
12,049,000
11,900,300

Chapter 4: Results and discussion
4.1 Fatigue Test Results
Tables 7 and 8 present the 50 specimen numbers, the applied stress and the fatigue life
data of the corroded AA 6061-T6 specimens. Table 9 presents the polished, uncorroded
samples numbers, applied stress and fatigue limits. Fatigue lives were similar for
unpolished and corroded samples at high stress. Fatigue lives for low stress uncorroded
are longer than fatigue lives of low stress corroded samples indicating that corrosion has
an effect on fatigue life.

Table 7. Fatigue life data for AA 6061-T6, 2-day corrosion, 3.5% NaCl, pH 2, fatigue
samples. * denotes that the sample was removed before failure
Specimen(#
231
233
235
237
239
2311
252
254
256
258
2510
271
273
275
277
279
2711
292
294
296
298
2113
2115
2117
2910

Number(of( Applied(Strss(
Days(Corroded
(MPa)
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

%(Yield(Strengh(

Moment((Nm)

90
90
90
90
90
75
75
75
75
75
60
60
60
60
60
50
50
50
50
50
45
45
45
45
40

5.30
5.37
5.37
5.30
5.37
4.47
4.47
4.42
4.42
4.36
3.58
3.49
3.58
3.49
3.49
2.98
3.02
3.02
2.94
2.94
2.65
2.68
2.68
2.68
2.44

230
230
230
230
230
191
191
191
191
191
153
153
153
153
153
128
128
128
128
128
115
115
115
115
102
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#(cycles(to(
fatigue
25,800
28,600
41,300
45,900
35,900
143,300
160,700
147,300
84,500
105,400
371,900
392,100
550,500
345,700
360,100
1,584,700
2,012,000
1,738,700
1,502,200
1,390,500
2,863,100
18,706,200
4,474,200
33,723,300
*38,348,700

Table 8. Fatigue life data for AA 6061-T6, 24-day corrosion, 3.5% NaCl, pH 2, fatigue
samples. * denotes that the sample was removed before failure
Specimen(#
2431
2433
2435
2437
2439
24311
2452
2454
2456
2458
24510
2471
2473
2475
2477
2479
24711
2492
2494
2496
24910
24113
24115
24117
2498

Number(of( Applied(Strss(
Days(Corroded
(MPa)
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

%(Yield(Strengh(

Moment((Nm)

90
90
90
90
90
75
75
75
75
75
60
60
60
60
60
50
50
50
50
50
45
45
45
45
40

5.30
5.37
5.47
5.30
5.30
4.31
4.50
4.50
4.47
4.47
3.49
3.53
3.53
3.40
3.53
3.05
2.98
2.98
2.98
2.98
2.68
2.68
2.68
2.65
2.38

230
230
230
230
230
191
191
191
191
191
153
153
153
153
153
128
128
128
128
128
115
115
115
115
102

#(cycles(to(
fatigue
37,200
30,800
26,900
40,500
38,700
132,000
122,900
102,300
157,800
96,000
425,700
363,000
414,900
612,300
375,100
2,546,500
5,702,600
1,340,700
1,411,000
1,207,300
17,425,000
1,365,300
1,260,400
5,048,200
*72,368,900

Table 9. Fatigue life data for AA 6061-T6, polished fatigue samples
Specimen(#
1
2
3
4

Number(of( Applied(Strss(
Days(Corroded
(MPa)
0
0
0
0

%(Yield(Strengh(

Moment((Nm)

90
90
50
50

5.37
5.43
3.02
3.02

230
230
128
128
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#(cycles(to(
fatigue
33,300
49,500
12,049,000
11,900,300

4.2 S-N curves
The numbers of cycles to failure for 2-day and 24-day corroded specimens were plotted
against the maximum stress to produce S-N curves with run outs being indicated by solid
data markers with arrows (Figures 31-33). A run out is the term used for intentional
sample removal prior to failure, after excessively high cycles (greater then 107 cycles).
After that many cycles it is assumed that the sample may exhibit unpredictably long
fatigue life and while noted as a run out, is not used in the calculation of S-N curve. The
curves were fitted using Basquin’s Law [15]. The Basquin exponents for 2-day and 24day corrosion specimens were determined to be 0.123, and 0.128 respectively. These
values match closely to the one (0.130) reported by Tiryakioğlu et al. [18] for forged AA
6061-T6 in rotational fatigue tests conducted at fully reversed stress. The experimental
values were verified through linear regression (Table 10). It should be noted that 2
samples were removed from the analysis for the 24 day corrosion due to large
manufacturing defects.

Some observations from the data include; at high stress (230 MPa) the 2-day corrosion
samples are observed to fatigue before the 24-day corrosion samples. Additionally,
scatter in the data is observed at 128 MPa for 24-day corrosion and 115 MPa for 2-day
corrosion. Both deviations are believed to be due to different fatigue initiation
mechanisms and will be discussed in forthcoming sections. Run outs occurred at 102
MPa and while plotted on the S-N curve, were not used for the Basquin equation. Run
outs were used in the Weibull analysis.
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Table 10. Linear regression of S-N curve data. LCL refers to lower confidence limit,
UCL refers to upper confidence limit

Basquin(
Coefficient

25day

245day

50.123

50.128

95%(LCL(and(UCL 50.140 50.106 50.143 50.112
Constant,(C
95%(LCL(and(UCL

844
844 1028

787
631 982

250%

2%day%corrosion%
2,day%corrosion%run%out%
Power%(2%day%corrosion)%

200%

150%

σmax!(MPa)!
100%

σmax%%=%787.89N,0.123%

%

50%

0%
104%
10000%

10 %
100000%
5

1000000%
106%

10000000%
107%

100000000%
108%

Nf!

Figure 31. S-N curve for AA 6061-T6 specimens corroded for 2-days in 3.5% NaCl at
pH 2
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Figure 32. S-N curve for AA 6061-T6 specimens corroded for 24-days in 3.5% NaCl at
pH 2
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Figure 33. S-N curve of both 2-day and 24-day specimens shown together for direct
comparison. Run outs not shown
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4.3 Micrographs
4.3.1 Pit Cross Sections
Cross sectional micrographs of both 2-day and 24-day corroded specimens were prepared
by traditional metallographic polishing. This was done to observe the pit morphology in
cross section before the samples were fatigued. The 2-day corroded specimens exhibit
small diameter pit openings around 1-2 μm. Additionally, the 2-day corroded surfaces
appear unaffected by general corrosion. The 24-day corroded specimens have broad,
scalloped pits with coincident and overlapping borders. The pits also appear shallower
then expected if the power law discussed in section 2.3.2 is followed, allowing for the
conclusion that more aggressive general corrosion took place in 24-day specimens. It can
also be observed that a layer of scale had been deposited on the 24-day corrosion
specimens. Representative micrographs are shown in Figures 34-37.

Figure 34. SEM image of AA 6061-T6, 2-day corroded cross-section. The double pointed
arrow shows the depth of the flaw at approximately 10 μm or less. The lighter region
indicates a different pit morphology.
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Figure 35. SEM micrograph of AA 6061-T6, 2-day, 3.5% NaCl, pH 2, corrosion crosssection. The double pointed arrow shows Pit depth appears on the order of 5 μm or less.
Small flaws along the surface can be observed.

Figure 36. SEM micrograph of AA 6061-T6, 24-day, 3.5% NaCl, pH 2, corrosion crosssection. A scale layer of constant thickness is observed adhered to the specimen. The
double pointed arrow shows the depth of the flaw on the order of 10 μm or less.

47

Figure 37. SEM micrograph of AA 6061-T6, 24-day, 3.5% NaCl, pH 2, corrosion crosssection. A scale layer of constant thickness is observed adhered to the specimen. The
double pointed arrow shows the depth of the flaw on the order of 10 μm or less.
4.3.2 Fractographs
Fractographs are broken up into four categories; high stress 2-day corroded, low stress 2
day corroded, high stress 24-day corroded and low stress 24-day corroded. This was done
in order to compare the mechanisms occurring within the same corrosion conditions.
4.3.2.1 High Stress, 2-Day Corroded
It was possible to identify regions of fatigue initiation from the orientation of striation
relative to the flaw. The broad striae, which are indicative of high stress fatigue, are
observed perpendicular to the perimeter of the cracked grain. Figure 38 demonstrates that
striae are found leading to the surface of the specimen except in the area where the grain
cracked as indicated by the arrows.
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Figure 38. SEM micrograph of AA 6061-T6, 2 day corrosion, σ = 230 MPa, Nf = 25800
cycles, Sample # 231. Sample was tilted in the SEM to bring the cylindrical sample
surface into view

Pitting along the exposed portion of the grain boundary is shown in Figure 39, a higher
magnification of Figure 38. There are 3 pits within close proximity of each along the
exposed face, possibly a region resulting in high stress intensity. The flat surface of the
exposed grain is believed to be due to grain boundary cracking. In the fractures’ surfaces
of the 2-day samples, grain boundary decohesion (GBD) is believed to have occurred
(Figure 38 and Figure 39). It is believed that the dislocation pile up at the grain boundary
would cause the grain boundary to become brittle and separate. Once separation occurs,
the resulting flaw should be sufficiently large to serve as a fatigue initiation site and crack
propagation will occur, ultimately leading to fatigue failure.
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Figure 39. SEM image of AA 6061-T6, 2 day corrosion, σ = 230 MPa, Nf = 25800
cycles, Sample # 231. Tilted off axis to show the cylindrical surface of specimen. Dashed
white is shown adjacent pitted boundaries. Dashed yellow line indicates the start of
region II fatigue crack propagation

4.3.2.2 Low Stress, 2-Day Corroded
The striations emanating from a heavily flawed surface region (Figure 40a) are an
indication that fatigue initiation/propagation occurred at that edge. Striations at low stress
were observed to be finer and closer together (Figure 40b). Much like for high stress,
GBD was observed in 2-day corroded fatigue specimens at low stress (128 MPa). It can
be seen that the area of GBD is much larger in low stress 2-day corroded specimens
(Figure 40a) then in the high stress 2-day corroded specimens (Figure 39). This probably
occurs because the flaw size for initiation needs to be larger due to the lower applied
stress requiring the formation of a larger flaw at the grain boundary.

50

(a)

(b)
Figure 40. SEM image of AA 6061-T6, 2 day corrosion, σ = 128 MPa, Nf = 2012000
cycles, Sample # 2711. a) indicates region of GBD b) shows formation of fine structured
striae on a different region of the same specimen.
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4.3.2.3 High Stress, 24-Day Corroded
In the 24-day corroded specimens, a metal oxide scale was observed on the cylindrical
surface of the fatigue specimen that is likely Al2O3 (Figure 41 and 42). From regions
where scale had spalled, it was observed that the specimen beneath the scale is also
heavily pitted. The scale appears heavily discontinuous, and non-adherent, therefore, it
can be inferred that the scale does not impart any structural integrity to the system, and
should play no role in fatigue behavior

Figure 41 shows striation indicating that crack propagation occurred. It is suggested by
the orientation of striae that the heavily pitted region shown in Figure 41 (yellow dashed)
was a region of fatigue initiation. Below the yellow dotted region, the striae are
perpendicular to the flaw. The multiple observed orientations of striations are likely due
to the rotational fatigue testing and multiple fatigue initiation sites.

Figure 41. SEM image of AA 6061-T6, 24 day corrosion, σ = 230 MPa, Nf = 30800
cycles, Sample # 2433. Note the segmented surface scale which appears as the lighter
region near the top of the fractograph. Also note the small dark pit near the center of the
top of the fractograph, which will be presented in higher magnification in Figure 42.
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Based on microscopy, it was determined that samples corroded for 24-days and fatigued
at high stress (230 MPa), failed due to corrosion flaws that were large enough for fatigue
crack propagation to occur directly from the corrosion pit border (ΔKth sufficiently large).
In Figure 42, the flawed region is approximately 50 μm in diameter. That is
approximately the same size as the flat grain surface observed in Figure 39. This further
supports a mechanism for a common flaw size necessary for fatigue initiation.

Figure 42. SEM image of AA 6061-T6, 24 day corrosion, σ = 230 MPa, Nf = 30800
cycles, Sample # 2433, as described in Figure 41.

4.3.2.4 Low Stress, 24-Day Corroded
The scatter that was observed at low stress in the fatigue data (S-N curves) for the 24-day
corroded samples prompted a more detailed analysis at the fracture surfaces to explain
the scatter in fatigue life data. Shown in Figure 43 are fatigue striations heading directly
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from a scalloped surface flaw. The flaw is smaller than most observed in this study at
less than 10 μm across and less than 10 μm deep. However, it appears to serve as an
initiation site as the striations indicate the fatigue propagated from this flaw.

Figure 43. SEM image of AA 6061-T6, 24 day corrosion, σ = 128 MPa, Nf =1411000
cycles, Loc # 94. Notice directionality back to a surface flaw

For the 24-day corroded samples, multiple smaller initiation sites and scatter in flaw size
are probable reasons for variation in fatigue initiation, leading to the scatter in the fatigue
data [80].

4.3.2.5 Ductile Failure
Region III fatigue crack growth was observed as a region of ductile failure in all
specimens. Representative micrographs of ductile failure in 2-day and 24-day corroded
specimens are presented in Figure 44 and Figure 45.
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Figure 44. SEM image of AA 6061-T6, 2 day corrosion, σ = 230 MPa, Nf = 45900
cycles, Sample # 237. Region of ductile failure.

Figure 45. SEM image of AA 6061-T6, 24 day corrosion, σ = 230 MPa, Nf = 30800
cycles, Sample # 2433. Region of ductile failure.
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4.4 Weibull Analysis
4.4.1 Weibull plots of 2-day and 24-day corrosion
The fatigue life data were analyzed to determine if a Weibull distribution could be
applied. The fatigue data were normalized to 191 MPa in order to eliminate any error
incurred due to the applied stress. Equivalent fatigue lives were calculated for the
different stress levels using the following formula:
!

𝑁!(!) = 𝑁!(!)

!! !
!!

(4.1)

𝑁!(!)    = equivalent fatigue life
𝑁!(!) = original fatigue life
σ1 = original stress
σ2 = equivalent stress
k = Basquin coefficient
The Weibull probability density functions (PDF) of fatigue data for both 2-day and 24day corrosion specimens are shown in Figure 46 and Figure 47. Analysis of the data was
initially performed using a two-parameter Weibull distribution in Minitab. It was
determined that a three-parameter Weibull distribution was better suited to explain the
data. The goodness-of-fit of the estimated paramters was tested by using the AndersonDarling (AD) statistic, A2 [82]:

!

𝐴! =    −𝑛 − !

!
!!!

2𝑖 − 1 𝑙𝑛 𝑃 𝑁!
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!

+ ln  (1 − 𝑃 𝑁!!!!! )

(4.2)

Where P(Nf)i = the cummulative probability for each data point. A small A2 value
provides a higher confidence that the data follow the hypothesized distribtion of a 3parameter Weibull. Additionally, the hypothesis is rejected when the AD value is less
than 0.05. This value typically corresponds to a Type 1 error (α). Table 11 shows the
threshold values for both 2-day and 24-day corroded specimens, scale factor, shape
factor, A2 , and the critical value below which A2 cannot be rejected. These values support
the conclusion that the data are represented by a three-parameter Weibull distribution and
the hypothesis could not be rejected.

Table 11. Summary of Weibull parameters for 2-day and 24-day corroded specimens, AD
critical values taken from [83]
2=day'
corroded

24=day'
corroded

Number'of'
samples

25

23

Threshold'Value,'
Nt

45248

52080

Scale'Factor,'No

80748

98356

Shape'
Parameter,'m

0.913

0.822

A2

0.400

0.128

A2 0.05

0.592

0.587
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Figure 46. Three-parameter Weibull distribution for 2-day corrosion AA 6061-T6
samples. Arrow indicates sample run out
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Figure 47. Three-parameter Weibull distribution for 24-day corrosion AA 6061-T6
samples. Arrow indicates sample run out.
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Another representation of the effect of corrosion on the fatigue life AA 6061-T6 in 3.5%
NaCl at pH 2 can been seen in the probability density functions of the two different
corrosion times (Figure 48). The PDF is defined as:
!"

𝑓 = !"

(4.3)

For the Weibull distribution, f is expressed as:
!

𝑓   =    !

!

!!!! !!!
!!

exp −

!!!! !

(4.3a)

!!

It can be seen that exposure to 3.5% NaCl at pH 2 for 2-days causes a 12.2% drop in
threshold fatigue life. Therefore, it has been demonstrated that the longer exposure time
serves to shallow out the flaws and provide for a more even distribution of stress along
the flaw surface.
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Figure 48. Probability density functions for both 2-day and 24-day corrosion of AA
6061-T6 in 3.5% NaCl at pH 2.
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4.4.2 Pit Size Distribution
The observation that a three-parameter Weibull distribution is a good representation of
the data allows for some discussion on the flaw size distribution in both 2-day and 24 day
corroded AA 6061-T6. The result that AA 6061-T6 exposed to the previously described
corrosive environment follows a three-parameter Weibull distribution and has a threshold
fatigue life, means that sufficiently small flaws were created. A higher threshold value
for 24-day corrosion when compared to 2-day corrosion would mean that an increase in
exposure time yields a widening of the size distribution of the largest flaw (Figure 49). It
also means that the flaw geometry of the 2-day corroded samples was more deleterious
than the 24-day flaw geometry.

Log(Nf)#

Nf#=#Ni#+#Bσa@mAi(2@m)/4#

Defect#size#distribu8on#

###2#day#Nt##
24#day#Nt##

Log(Al)#

Defect#size#

Figure 49. Schematic illustration of the effect of defect size distribution on the
distribution of fatigue life (Nf). The threshold value Nt is also indicated.
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4.5 Observed Scatter in Data and Variation in Fatigue Life
Scatter is observed at the lower stress levels (115 MPa and 128 MPa) for both 2-day and
24-day corroded specimens respectively. For low stress, 2-day corroded specimens (115
MPa), the scatter observed indicates that varied ΔK is resulting in variation of fatigue
crack initiation. This variation is due to small, sharp pits, which lead to grain boundary
decohesion. The resulting exposed grain boundary serves as the fatigue initiating flaw.
In contrast, it was observed in the 24-day corroded samples that fatigue initiated at the
edge of the corrosion pits themselves. It has been shown by Dolley et al. [80] that in precorroded AA 2024-T3, the corrosion pits serve as the point of fatigue crack initiation and
growth. The scatter in the data is a result of the variation in pit size and morphology, both
of which have an exaggerated effect at low stress. Fatigue initiation from the pit edge
indicates a different fatigue crack initiation mechanism then the one observed in the 2day corroded specimens.

A slight decrease in fatigue life (S-N curves, Figure 33) can be observed at high stress in
2-day corroded specimens when compared to 24-day corroded specimens. For 2-day
corroded specimens, the shorter fatigue life at higher stress indicates that ΔK is large
enough to cause immediate grain boundary decohesion resulting in faster fatigue crack
initiation when compared to 24-day corroded specimens. It is assumed that a fractured
grain boundary, presents a crack of nearly zero crack tip radius, thus exacerbating stress
intensity, and providing a more potent fatigue initiation site. A visual comparison of
fatigue crack initiating flaws is shown in Figure 50.
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The fatigue life of a material is marked by three distinct phases; initiation, propagation
and final fracture. All three phases require a crack growth mechanism that is reliant upon
the stress intensity factor ΔK, which is a function of flaw geometry, the applied stress
and the size of the crack. Within each of these regions, the factors that define ΔK behave
differently, such that microstructural features and flaw geometry will dominate the
initiation region behavior, but have no effect on the propagation region behavior.

Fa0gue&Striae&

GB&

Sharp&corrosion&
pits&

(a)

Fa0gue)Striae)

Scalloped))
corrosion)
pits)

(b)
Figure 50. a) 2-day corroded specimen fatigue crack initiation due to flaw created due to
grain boundary cracking. b) 24-day corroded specimen fatigue crack initiation due to
corrosion flaws
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Since the material and microstructure can be assumed constant in this study, there can be
no variation or scatter in fatigue life from the propagation phase or final fracture. It is
therefore deduced, that variation and scatter in the fatigue life data is the result of
differing mechanisms in initiation which is supported by the mechanism illustrated in
Figure 50.
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Chapter 5: Conclusions and Future Work
From the comparison of fractographs and statistical analysis a greater understanding of
the variation in micromechanisms of fatigue initiation and propagation among corroded
specimens was established. Figure 51 shows a flow chart that summarizes the proposed
phenomenological process involved in the fatigue of corroded AA 6061-T6 in 3.5%
NaCl, pH 2 for 2-days and 24-days. Green boxes indicate fatigue crack initiation (region
I), yellow boxes indicate fatigue crack propagation (region II), and red boxes indicate
failure (region III).

It was determined that corrosion has a negative effect on the fatigue life of AA 6061-T6
no matter the length of exposure. It was also determined that the different lengths of
corrosion yield different fatigue initiation mechanisms. Operating under the assumption
that any surface degradation should negatively impact fatigue life, the broad results of
this study are not revolutionary. What is of special note from this study is the effect that
small changes in the morphology of surface flaws have on fatigue initiation mechanisms,
thereby affecting the shape of the S-N curves and the Basquin exponent. Considering the
number and variability of parameters at play in corrosive attack, designers should be
keenly aware of the impact the slight changes in environment may have on predicted
design lives.

It should be noted that selection of variable parameters of corrosion media, pH,
temperature, etc. would produce surface flaws of varying characteristics. Additionally,
many authors apply Weibull statistics to deduce exact pit size distributions instead of
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relating pit size distribution to fatigue data. As such, the realm of future work regarding
corroded AA 6061-T6 is vast.
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Figure 51: Summary flow chart of fatigue in corroded AA 6061-T6 in 3.5% NaCl at pH
2. Steps associated with fatigue initiation are shown with a green background,
propagation with a yellow background, final fracture with a red background.
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